This paper will explore the potential of employing thermotropic (TT) windows as a means of 9 improving overall building energy performance. Capitalising on their ability to dynamically 10 alter solar and visible light transmittance and reflectance based on window temperature, 
alter solar and visible light transmittance and reflectance based on window temperature, 11 they have the potential to reduce solar heat gains and subsequently reduce cooling loads 12 when the external conditions exceed those required for occupant comfort. Conversely when 13 the external conditions fall short of those required for occupant comfort, they maintain a 14 degree of optical transparency thus promote the potential for passive solar gain. To test 15 their overall effectiveness, thermotropic layers made of varying hydroxypropyl cellulose 16 (HPC) concentrations (2wt.%, 4wt.% and 6wt.%) were firstly synthesised and their optical 17 properties measured. Building performance predictions were subsequently conducted in 18 EnergyPlus for four window inclinations (90°, 60°, 30° and 0° to horizontal) based on a small 19 office test cell situated in the hot summer Mediterranean climate of Palermo, Italy. Results 20 from annual predictions show that both incident solar radiation and outdoor ambient 21 temperature play a significant role in the transmissivity and reflectivity of the glazing unit. If 22 used as a roof light, a 6wt.% HPC-based thermotropic window has a dynamic average Solar 23 Heat Gain Coefficient (SHGC) between 0.44 and 0.56, this lower than that of 0.74 for double 24 glazing. Predictions also show that in the specific case tested, the 6wt.% HPC-based 25 thermotropic window provides an overall annual energy saving of 22% over an equivalent 26 double glazed unit. By maintaining the thermotropic window spectral properties but 27 lowering the associated transition temperature ranges, it was found that the lowest 28 temperature range provided the smallest solar heat gains. Although, this is beneficial in the 29 summer months, in the winter, passive solar heating is restricted. In addition, with lower 30 solar heat gain, there is a possibility that artificial lighting energy demand increases resulting 31 in additional energy consumption.
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38
Buildings are responsible for 40% of energy consumption within the EU, and consequently 39 contribute to approximately 36% of overall carbon emissions [1] . As has been recognised for 40 example in the UK's amendments to Approved Document L, the envelope of a building is 41 crucial in terms of energy consumption. Attention therefore needs to be made to the design 42 and specification of the transparent elements that comprise the building's envelope. Whilst 43 such elements are often considered to be thermally weak, this has to be offset against the 44 benefits to occupant comfort, health, wellbeing and productivity afforded by natural light, 45 views and associated control over natural ventilation. A case can therefore be made to 46 explore the application of new technologies to improve the thermal properties of these 1 transparent elements whilst maintaining the optical properties that govern daylight 2 availability, view and so on. 3 To maximise the benefits of view and daylight availability, many contemporary 4 commercial and residential buildings employ high levels of glazing. If well designed these 5 can lead to significant heat loss or gains when the external conditions are outside the range 6 normally accepted for occupant comfort and as a consequence may increase the energy 7 demands of the building. Although window technology that aims to stabilise the internal 8 temperature of glazed buildings has improved over recent years, many are static and 9 inflexible, such as low-emissivity (low-e) glazing. 'Switchable glazing' however is designed to 10 regulate the amount of transmitted solar and long-wave radiation (300-3000nm) and is 11 therefore far more adaptive in nature. By responding to an applied stimulus; heat 12 (thermochromism), electricity (electrochromism) and light (photochromism), these 13 technologies have demonstrated significant potential to reduce energy consumption in 14 buildings [2] . 15 Thermotropic (TT) windows are a type of thermochromic (TC) glazing that features 16 reversible transmission behaviour in response to heat. By employing a manufacturing 17 technique that allows the transition / switching temperature (T s ) to be adapted to suit 18 various climatic forces, it provides a solution that can regulate indoor environmental 19 conditions by controlling solar heat gain and visible light transmittance. If we consider a 20 hydrogel and polymer based example, when the temperature of the thermotropic layer is 21 below a designed T s , its two main components, hydrogel and polymer, uniformly mix 22 resulting in the layer appearing transparent. Conversely, the layer becomes translucent and 23 diffusely reflecting when T s is exceeded due to the two components having separated [3, 4] . 24 As such, in its translucent state it reduces the amount of solar radiation entering a building 25 during hot periods therefore potentially reducing overall cooling loads. In its transparent 26 state, solar radiation is admitted to the building thus contributing to external heat gains. 27 Whilst the exact positioning of thermotropic glazing is in the hands of those responsible for 28 the building's design, its use is more suited to areas where an obstructed view is not 29 considered to be important. It is suitable therefore for incorporation as high level glazing, as 30 skylights or as roof lights, as above the transition temperature visual contact with the 31 external environment will be lost.
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Previous studies have considered the potential energy saving effects of thermochromic 33 glazing, with some considering thermotropic glazing specifically within the built 34 environment. General conclusions have been drawn about the performance of TC windows 35 such as whilst they offer the potential to save energy during hot periods, the coatings can 36 result in higher heating loads in cool periods due to low solar transmittances across both the 37 cold and hot states [5] . Saeli et al. [6] studied the energy saving potential of TC smart 38 windows in relation to the percentage of glazing to opaque areas, finding that when applied 39 in London at a 25% glazing ratio, the total energy consumption was increased by 9%. This 40 can be partially attributed to the cooler climate preventing the switching temperature of 41 39°C from being reached therefore the window never reaches its translucent state. 42 Conversely, when simulated for Palermo in Italy which has higher summer time 43 temperatures, the total energy consumption was reduced by 12%, increasing to 33% when 44 the glazing ratio was increased to 100%, concluding that TC windows generally perform 45 better in hotter climates where cooling is required. Hoffman et al. [7] studied the effects of 46 switching temperature of TC smart windows for a mixed hot/cold climate and a hot, humid 3 climate in the US. It was found that when compared to a low emissivity (LE) glazing system, 1 a TC window with a low T s (of between 14-20°C) reduced energy consumption by 10-17% in 2 the south, east and west facing perimeter zones with large area windows. Warwick et al. [8] 3 examined the effect of the thermochromic transition gradient on the energy demand 4 characteristics of a model system (a simple model of a room in a building) in a variety of 5 climates, these results compared against current industry standard glazing products such as 6 silver sputtered glass and absorbing glass. It was found that in a warm climate with a low 7 transition temperature and sharp hysteresis gradient, energy demand can be reduced by up 8 to 51% compared to conventional double glazing. 9 10 In the project presented here, a new type of thermotropic window has been developed 11 where the thermotropic layer is sandwiched as a membrane between two conventional 12 glazing panes. Made from hydroxypropyl cellulose (HPC), three concentrations of HPC 13 (2wt.%, 4wt.% and 6wt.%) were tested for solar and visible light transmittance and 14 reflectance using a spectrometer. These data were used as input data into a series of 15 EnergyPlus simulations based on a small office-type environment located in Palermo, Italy. 16 These simulations sought to explore the performance of existing commercial glazing 17 products and the newly developed window with respect to HPC concentration, plane 18 inclination, solar gains, energy loads and overall energy performance. To do so, three sets of 19 simulation tests were performed looking in increasing detail at glazing performance namely: 20 1. The effect of glazing type, inclination and HPC concentration on heat gains, 21 heating, cooling, lighting loads and overall energy performance, 22 2. roof comprising the room were deemed to be exposed to external conditions. For those 4 other room surfaces, they were assumed to be buffered by mechanically conditioned spaces 5 and hence would not be subject to any heat transfer. 6 The simulations were designed to test the effectiveness of the various concentrations of TT 7 glazing system in response to plane inclination (tilt angle). Additionally, both ordinary and 8 solar controlled (low-e coated) double glazing units were simulated to assess their 9 performance in relation to the TT variants. It should be noted that the purpose of the 10 research was not to compare data across plane inclinations due to the differences in 11 transparent to opaque area ratios between the vertical (0 o ) and tilted surfaces. All models 12 were considered to have the same roof area (20m 2 ) to enclose the space and a window of 13 dimensions 2m x 1.5m was inserted into the plane under test. In the case of the south facing 14 vertical surface, the window took up 25% of the total plane area. In the case of other plane 15 inclinations, the window took up 15% of total plane area. Any additional surfaces needed to 16 achieve this 20m 2 were once again assumed not to be subject to additional heat transfer. To 17 account for volumetric changes between different simulation models, these were accounted 18 for and will be discussed in section 4: Results Analysis. were run based on 10 minute time step intervals for the entire year [26] . 17 18 
Analysis and results
22
This section will present, analyse and discuss the results from both measurement and 
Measurement data 2
The measured transmittance and reflectance values for the three types of thermotropic 3 window are shown in Table 3 . From these data it can clearly be seen that in its transparent 4 state, transmittance and reflectance values are identical for all concentrations. Indeed if 5 considering the properties outlined in Table 3 , solar transmittance is similar to that of a 6 conventional double glazed unit (0.79 for ODG, 0.74 for TT). However when the HPC has 7 transitioned into its translucent state, higher concentrations lead to lower transmittance 8 and conversely increased reflectance, ranging from a solar transmittance of 0.20 at 2wt.% 9 concentration to 0.11 at 6wt.%. In the case of the 6wt.% HPC concentration, solar 10 transmittance is in the order of 5x less than that of a solar controlled low-e coated glazing 11 unit. As a result, at higher HPC concentrations, one can expect considerably more rejection 12 of solar heat gain in the transitioned state. 13 14 The four window inclinations as shown in Figure 2 were tested for all glazing combinations 20 using EnergyPlus to explore their overall performance in relation to heat gains, heating, 21 cooling and lighting loads and ultimately overall building energy consumption. close inspection of Figure 4 shows that in all cases, lighting loads increase as a function of Since the simulations showed a consistent reduction in overall energy consumption 6 between ODG, LE coated and increased HPC concentrations at 0 o plane inclination, data for 7 this plane were further analysed to identify the potential mechanisms that affected 8 performance behaviour.
9 Figure 5 shows the window total heat gain plotted against incident solar radiation for 10 the three HPC concentrations (2wt.%, 4wt% and 6wt.%). The window total heat gain shown 11 comprises the incident radiation that enters the room in the form of transmitted radiation 12 or as secondary heat gains due to the fraction of radiation that has been absorbed in 13 different layers of the window and transmitted to the interior by conduction, convection 14 and radiation. The Solar Heat Gain Coefficient (SHGC), which is the fraction of the incident 15 solar radiation that enters the room after passing through the window [25] , is determined 16 by dividing the window total heat gain by the incident solar radiation. The hourly points are 17 separated into the three states, before transition, transitioning and after transition, these 18 derived from window temperature data from the output of the simulations. 19 As can be seen from control is exerted over incoming gains. The true benefits (or detriments) to passive heating 6 or cooling however must be seen in light of the differences in thermal transmittance 7 between the various units. improved performance over all HPC glazing variants and hence was used for further study. 9 In so doing, the combination of outdoor temperature and incident solar radiation resulting 10 in thermotropic layer temperatures high enough to cause light scattering were considered in 11 addition to the corresponding window heat gains. These data were considered with respect 12 to both ODG and LE glazing units. In Palermo the outdoor temperature during the heating season ranges between 6-12°C 21 while the indoor temperature in every simulation is maintained at a constant temperature 22 of 22°C by the HVAC system heating the room. Although in the simulations on each window 23 type the incident solar radiation will be the same, the simulated window heat gains are 24 different. As can be seen from Figure 6b and Table 5 , the use of solar control LE glazing It is known that there is a strong correlation between switching response to both outdoor 2 air temperature and incident solar radiation [7] . This is evident in Figure 7 To explore the impact of incident solar radiation on the 6wt.% HPC layer temperature, the 1 data were further analysed, the results presented in Figure 8 . As can be seen, the HPC layer 
Window Heat Gain and Incident Solar Radiation
13
Building upon the analysis from section 4.3, Figure 9 shows the window total heat as a October. That is, at some point during these two months, the HPC-based TT unit begins to 19 match the overall thermal performance of the LE unit, irrespective of the differences in U- 20 values. As can be seen from the figure, during the heating period (i.e. from October until 21 March), the ODG unit's high solar transmittance results in higher (beneficial) solar gains. 22 With the lowest solar transmittance, the LE unit results in the lowest beneficial solar gains. LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE  TT  ODG  LE consumption that arises due to lighting loads and any additional cooling demand that will be 22 placed due to these loads. It is however evident in the round that the TT unit does give rise 23 to lower energy demands overall during the cooling period. loads where a 6wt.% HPC-based TT unit will reduce overall annual cooling requirements by 10 27.7% over an ODG unit and by 9.9% over a LE unit for this particular example. Overall this 11 translates to total energy savings of approximately 22% over ODG and 6% over LE coated 12 units. This must be seen with respect to potential issues surrounding daylight availability 13 and the associated health and wellbeing consequences that arise due to this which are a 14 product of the reduced visible transmittance of the unit in its transitioned state. The final suite of simulations sought to explore the impact of transition temperature (T s ) on 4 overall performance, particularly with respect to window total heat gains, solar heat gain 5 coefficients and annual energy consumption. Studies to date have shown that the addition 6 of sodium chloride to the HPC mixture can work to reduce this range [17] . As such, using the 7 original spectral data but applying it to lowered transition temperatures, predictions were 20 21 As the transition temperature range decreases, the TT window is able to enter its The SHGC of the 6wt.% HPC TT has been explored in depth in section 4.4. This section will 5 look at the SHGCs of the five transition temperature ranges of the 6wt.% HPC TT. In so 6 doing, it compares these transition temperatures against each other and also with the ODG 7 and LE test windows. Figure 15 shows the window total heat gain plotted against incident 8 solar radiation for the five transition temperature ranges of the 6wt.% HPC TT. The hourly 9 points are separated into the three states: before transition, transitioning and after increases the lighting and heating loads. This is a direct consequence of the TT windows, 7 particularly at lower transition temperatures being in their translucent state for a larger 8 numbers of hours, even during the winter months where this is undesirable. Therefore, 9 when using thermotropic windows in a practical design, the true impact of transition needs 10 to be considered. As such, the windows need to be tuned based on numerous factors, one wellbeing that will arise due to the glazing having switched to its translucent state. the SHGC of the solar control Low-E was 0.54. As the majority energy demand comes 13 from cooling, the ability of the thermotropic window to reduce the transmitted radiation 14 at peak temperatures greatly reduces this load; while the switch-ability still allows for 15 passive solar heating to take place in the winter months. Overall, the thermotropic 16 window provided an annual energy saving of over 22% when compared with that of a 17 double glazing.
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 When exploring the effect of the HPC concentration it was found that the higher the 
